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TRAF6-Dependent Actl Phosphorylation by the IkB Kinase-Related
Kinases Suppresses Interleukin-17-Induced NF-kB Activation
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Interleukin-17 (IL-17) is critically involved in the pathogenesis of various inflammatory disorders. IL-17 receptor (IL-17R)-prox-
imal signaling complex (IL-17R-Act1-TRAF6) is essential for IL-17-mediated NF-kB activation, while IL-17-mediated mRNA
stability is TRAF6 independent. Recently, inducible IkB kinase (IKKi) has been shown to phosphorylate Actl on Ser 311 to medi-
ate IL-17-induced mRNA stability. Here we show that TANK binding kinase 1 (TBK1), the other IKK-related kinase, directly
phosphorylated Actl on three other Ser sites to suppress IL-17R-mediated NF-kB activation. IL-17 stimulation activated TBK1
and induced its association with Act1. IKKi also phosphorylated Actl on the three serine sites and played a redundant role with
TBK1 in suppressing IL-17-induced NF-kB activation. Actl phosphorylation on the three sites inhibited its association with
TRAF6 and consequently NF-kB activation in IL-17R signaling. Interestingly, TRAF6, but not TRAF3, which is the upstream
adaptor of the IKK-related kinases in antiviral signaling, was critical for IL-17-induced Actl phosphorylation. TRAF6 was essen-
tial for IL-17-induced TBK1 activation, its association with Actl, and consequent Actl phosphorylation. Our findings define a
new role for the IKK-related kinases in suppressing IL-17-mediated NF-kB activation through TRAF6-dependent Actl

phosphorylation.

Interleukin-17 (IL-17A or IL-17) was originally identified as a
characteristic cytokine secreted by T}, 17 cells (19). More IL-17-
producing sources have now been found, especially innate im-
mune cells (6, 23). IL-17 belongs to a cytokine family containing
six members (IL-17A to IL-17F) which are structurally different
from other cytokines (7, 8, 16, 26, 40). IL-17 is the best-character-
ized member of the family. IL-17 is a proinflammatory cytokine
and acts on local tissue cells to induce production of genes for
proinflammatory proteins, including cytokines, chemokines, and
matrix metalloproteases, to amplify inflammation (8, 16, 26). The
IL-17 level is elevated in a variety of inflammatory and autoim-
mune disorders, while IL-17 deficiency or its functional blockage
reduces the development and pathogenesis of autoimmune dis-
eases, suggesting that IL-17 is a promising target for various in-
flammatory disorders (16, 26).

While the IL-17 family can induce common signaling path-
ways, including NF-kB and mitogen-activated protein kinases
(MAPKs) (P38, Jun N-terminal protein kinase [JNK], and extra-
cellular signal-regulated kinase [ERK]) (8, 33), IL-17 receptor (IL-
17R)-proximal signaling is being discovered and shown to be
unique and tightly regulated (2, 3, 22, 27-29, 31, 32, 38). Actl is
identified as a key adaptor to recruit TRAF6 to IL-17R to mediate
IL-17-induced NF-«B activation, while TRAF3 and TRAF4 are
found to interfere with the complex formation of IL-17R-Actl-
TRAF6 (3,27, 37, 38). Both Actl and TRAF6 function as E3 ubiq-
uitin ligases in IL-17R signaling (22). Actl-mediated polyubiq-
uitination of TRAF6 leads to TRAF6 autoubiquitination, which is
required for IL-17-induced NF-kB activation and production of
genes for proinflammatory proteins (22).

IL-17 has also been shown to stabilize mRNAs such as the
chemokine CXCL1 induced by tumor necrosis factor (TNF) (11).
IL-17-induced mRNA stability is Actl dependent but TRAF6 in-
dependent (12). Very recently, two studies reported that inducible
IkB kinase (IKKi; also known as IKK§), TRAF2, and TRAF5 are
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important for IL-17-induced mRNA stability (1, 34). IKKi be-
longs to the IKK-related kinases, which contain another kinase,
TANK binding kinase 1 (TBK1) (9, 17). The IKK-related kinases
have been shown to have similar as well as differential roles in
antiviral signaling, autophagy, and oncogenesis (5, 13, 15, 25, 30,
35, 36).

While IKKi has been found as a kinase to phosphorylate Actl
on Ser 311 to regulate TRAF6-independent function in IL-17R
signaling in a mouse system (1), it still remains to be determined
whether there are other kinases to phosphorylate Actl and
whether Actl can be phosphorylated on other sites in addition to
Ser 311. Here we report that TBK1 is another direct kinase for Actl
and phosphorylates Actl on three other serine sites in both human
and mouse systems. IKKi also redundantly phosphorylates Actl
on these three sites in a mouse system. Both TBK1 and IKKi sup-
pressed IL-17-induced NF-kB activation through phosphorylat-
ing Actl on the three sites. Mechanistic studies showed that
TRAF6 was crucial for IL-17-induced TBK1 activation and its as-
sociation with Actl for the consequent Actl phosphorylation.
Actl phosphorylation on the three sites interfered with its in-
teraction with TRAF6 to suppress continuous inflammatory
signaling. Our findings identify a new role for the IKK-related
kinases in suppressing IL-17-mediated NF-kB activation and
provide a molecular mechanism of how Actl gets phosphory-
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lated by these kinases for the negative-feedback regulation of
IL-17R signaling.

MATERIALS AND METHODS

Reagents, cell lines, and constructs. Recombinant human and mouse
IL-17 were from R&D Systems. Anti-M2 (Flag) and antiactin were from
Sigma-Aldrich. Antihemagglutinin (anti-HA) was from Covance. Anti-p-
IkBa, anti-p-JNK, anti-JNK, anti-p-P38, and p-ERK were from Cell Sig-
naling Technology. Anti-Actl, anti-IKKi, anti-TRAF6, anti-TRAF3, and
normal mouse IgG were from Santa Cruz Biotechnology. Anti-TBK1 was
from Imgenex. Anti-p-TBK1 (S172) was from BD Bioscience. Shrimp
alkaline phosphatase (SAP) was from Fermentas.

HEK293T cells, HeLa cells, human astrocytes (U87-MG), wild-type
mouse embryonic fibroblasts (MEFs), Actl /=~ MEFs, TBK1 '~ IKKi '~
MEFs, TBK1~/~ MEFs, Traf6 '~ MEFs, and Traf3~/~ MEFs were main-
tained in Dulbecco modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS; HyClone), penicillin G (100 pg/ml), and
streptomycin (100 pg/ml) as previously described (10, 13, 22, 25, 27, 38).

The ¢cDNAs encoding HA-tagged IKKa, IKKB, and NIK were con-
structed into pcDNA3.1. The cDNAs encoding HA or Flag-tagged TBK1
and IKKi were cloned into pcDNA3. The plasmid for Flag-tagged Actl
was previously described (31). The cDNAs encoding mouse Actl and its
point mutants, including the S147A, S209A, S222A, S147/209A, and S147/
209/222A (3SA) mutants, as well as mouse Flag-tagged TRAF6 and its
mutants (Flag-TRAF6-K124R, Flag-TRAF6-C70A, and Flag-TRAF6-
ARing with residues 1 to 108 deleted), were constructed into the retroviral
vector pMSCV-IRES-GFP. The cDNAs for human or mouse HA-tagged
TBK1, IKKi, DNIKKi (K38A), and DNTBK1 (K38A) were subcloned into
pMSCV-IRES-GEFP.

Coimmunoprecipitations and immunoblot analysis. Coimmuno-
precipitations and immunoblot analysis were performed as previously
described (38). HEK293T cells were transfected with plasmids by a cal-
cium phosphate transfection method. Cells left untreated or treated with
IL-17 at different time points were harvested by washing with ice-cold PBS
and then lysed with Co-IP buffer (0.5% Triton X-100, 20 mM HEPES [pH
7.6], 150 mM NaCl, 12.5 mM B-glycerophosphate, 1.5 mM MgCl,, 2 mM
EGTA, 10 mM NaF, 1 mM Na;VO,) freshly supplemented with 1 mM
phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Roche).
Cell extracts were incubated with 0.5 pg appropriate antibody and 20 pl
protein A-Sepharose beads (GE Healthcare). After overnight incubation,
beads were washed four times with Co-IP buffer and boiled in protein
loading buffer for 10 min to release and denature immunoprecipitated
proteins before separation on SDS-PAGE.

Cells were directly lysed in Co-IP buffer as described above and sepa-
rated by SDS-PAGE. Immunoblot analysis was performed by initial trans-
fer of proteins onto polyvinylidene fluoride filters using Mini Trans-Blot
(Bio-Rad Laboratories) and followed by a blocking step using Tris-buff-
ered saline with 0.1% Tween 20 plus 5% nonfat dried milk for 1 h at room
temperature. The blots were then incubated with primary antibody over-
night and subsequently washed, followed by incubation with a secondary
antibody conjugated to horseradish peroxidase (HRP) for 1 h at room
temperature. After extensive washing of the blots, signals were visualized
with chemiluminescent HRP substrate (Millipore).

Expression of recombinant Act1-GST fusion fragments. The cDNAs
encoding the deletion mutants or point mutants of human Actl (amino
acids [aa] 1 to 565) or mouse Actl (aa 1 to 555), as shown in Fig. 6 and Fig.
7, were cloned into the pGEX 4T-1 vector. All constructs were verified by
sequencing. Glutathione S-transferase (GST) fusion proteins were ex-
pressed in Escherichia coli BL21(DE3) and purified with glutathione-Sep-
harose (GE Healthcare) according to the manufacturer’s instructions.

In vitro kinase assay. HEK293T cells were transfected with plasmids
encoding Flag-tagged TBK1 or Flag-tagged IKKi by calcium phosphate
precipitation. MEFs infected with retrovirus for Flag-IKKi were stimu-
lated with IL-17 (50 ng/ml) for various times. Cells were washed with
ice-cold phosphate-buffered saline (PBS) and lysed using Co-IP buffer for

3926 mcb.asm.org

30 min on ice. Cell lysates were incubated with 0.5 pg anti-M2 and 20 pl
protein A-Sepharose beads overnight at 4°C. The beads were washed twice
with Co-IP buffer followed by two additional washes with kinase buffer
(20 mM HEPES [pH 7.6], 10 mM MgCl,, 10 mM NaCl, 12.5 mM B-glyc-
erophosphate, 10 mM sodium orthovanadate, 2 mM dithiothreitol
[DTT], and 20 wM ATP). Washed beads were incubated with 30 ul kinase
buffer including 1uCi of [y->*P]ATP and with or without recombinant
GST fusion proteins of Actl (as indicated below) for 30 min at 30°C.
Reactions were stopped by boiling in protein loading buffer and subjected
to SDS-PAGE. After electrophoresis, gels were dried and the incorporated
radioactivity was detected by autoradiography.

Retroviral transduction. Retrovirus vectors and helper vectors were
transfected into 293FT cells (Invitrogen) by calcium phosphate precipita-
tion for viral packaging. At 60 h after transfection, virus was collected for
infection of target cells in the presence of Polybrene (10 mg/ml; Sigma). At
day 4 after infection, cells were used for experiments.

RNA interference (RNAi) and transfection. HeLa cells were trans-
fected with small interfering RNA (siRNA) oligonucleotides and Lipo-
fectamine 2000 according to the manufacturer’s instructions (Invitro-
gen). The siRNA sequence for human TRAF6 gene knockdown is 5'-GA
UCCAGGGAUAUGAUGUAATAT-3"; that for human Actl gene
knockdown is 5'-GCUUCAGAACACUCAUGUCUAATAT-3'. The
scrambled control siRNA sequence is 5'-UUCUCCGAACGUGU-
CACGUATAT-3". Seventy-two hours after transfection, cells were col-
lected for protein isolation.

RNA isolation and real-time quantitative PCR. Total RNA was ex-
tracted from cells with TRIzol reagent according to the manufacturer’s
instructions (Invitrogen). For cDNA synthesis, RNA was reverse tran-
scribed with a PrimeScript RT reagent kit (TaKaRa). The expression of the
genes encoding Ccl20, Ccl2, KC, Cxcl2, IL-6, granulocyte colony-stimu-
lating factor (G-CSF), TNF-a, and IL-8 was quantified by real-time PCR
with SYBR Premix Ex Tagq kit (TaKaRa). All gene expression results were
normalized to expression of housekeeping gene Rpl13a. Amplification of
c¢DNA was performed on an ABI Prism 7900 HT cycler (Applied Biosys-
tems) and with the following primers: 5'-GCGAATCAGAAGCAGCAA
G-3" and 5'-CGTGTGAAGCCCACAATAAA-3' for human Ccl20, 5'-A
ACTGGGTGAAAAGGGCTGT-3" and 5-GTCCAATTCCATCCCAAA
AA-3' for mouse Ccl20, 5'-TTCTGTGCCTGCTGCTCAT-3" and 5'-GG
GGCATTGATTGCATCT-3’ for human Ccl2, 5'-AGGTCCCTGTCATG
CTTCTG-3' and 5'-TCTGGACCCATTCCTTCTTG-3’ for mouse Ccl2,
5'-AGACAGCAGAGCACACAAGC-3" and 5'-ATGGTTCCTTCCGGT
GGT-3' for human IL-8, 5'-TCCTGCATCCCCCATAGTTA-3" and 5'-C
TTCAGGAACAGCCACCAGT-3' for human KC, 5'-AGACTCCAGCCA
CACTCCAA-3" and 5'-TGACAGCGCAGCTCATTG-3' for mouse KC,
5'-CATCGAAAAGATGCTGAAAAATG-3" and 5'-TTCAGGAACAGCC
ACCAATA-3' for human Cxcl2, 5'-CCTGGTTCAGAAAATCATCCA-3’
and 5'-CTTCCGTTGAGGGACAGC-3’ for mouse Cxcl2, 5'-GATGAGT
ACAAAAGTCCTGATCCA-3" and 5'-CTGCAGCCACTGGTTCTGT-3’
forhumanIL-6,5'-GATGGATGCTACCAAACTGGAT-3" and 5'-CCAG
GTAGCTATGGTACTCCAGA-3’ for mouse IL-6, 5'-CCTGGAGCAAG
TGAGGAAGA-3" and 5'-CAGCTTGTAGGTGGCACACA-3’ for mouse
G-CSF, 5'-CAGCCTCTTCTCCTTCCTGAT-3" and 5'-GCCAGAGGGC
TGATTAGAGA-3' for human TNF-a, 5'-CGAGGTTGGCTGGAAGTA
CC-3" and 5'-CTTCTCGGCCTGTTTCCGTAG-3" for human Rpl13a,
and 5'-GGGCAGGTTCTGGTATTGGAT-3" and 5'-GGCTCGGAAATG
GTAGGGG-3' for mouse Rpl13a.

Statistics. Data are presented as means; error bars indicate standard
errors of the means (SEM). A two-tailed Student’s t test was used for
analysis of differences between the groups. A one-way analysis of variance
was initially done to determine whether an overall statistically significant
change existed before analysis with a two-tailed paired or unpaired Stu-
dent ¢ test. P values of less than 0.05 were considered statistically signifi-
cant.
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FIG 1 The IKK-related kinases specifically phosphorylate Actl in IL-17R signaling. (A) Overexpression of the IKK-related kinases results in Actl mobility shift.
HEK293T cells were transfected with the indicated HA-tagged expression plasmids or empty vector (EV), and lysates were analyzed by immunoblotting with
antibodies against Actl, actin, and HA. (B) The IKK-related kinases phosphorylate Actl. Lysates from HEK293T cells transfected with plasmids for M2-Actl,
M2-Actl plus HA-IKKi, and M2-Act1 plus HA-TBK1 were left untreated or treated with SAP (30 min at 37°C), followed by immunoblot analysis with antibodies
against M2, actin, and HA. (C) The IKK-related kinases are required for IL-17-induced Act1 phosphorylation. Wild-type (WT) and TBK1~/~ IKKi~/~ (DKO)
MEFs were stimulated with IL-17 (50 ng/ml) for the indicated times. Lysates were analyzed by immunoblotting with antibodies against Actl and actin. Levels of
expression of TBK1, IKKi, and Actl were measured by immunoblotting with lysates from WT and DKO MEFs (right). (D) The IKK-related kinases redundantly
phosphorylate Actl. DKO MEFs infected with control virus (EV) or retrovirus encoding TBK1, IKKi, or IKKi plus TBK1 (top) or TBK1, DNTBK1 (K38A), or
DNIKKi (K38A) (bottom) were left untreated or treated with IL-17 (50 ng/ml) for the indicated times. Lysates were analyzed by immunoblotting with antibodies
against Actl, actin, TBK1, and IKKi. (E and F) IL-17 stimulation results in TBK1 phosphorylation. Lysates from U87-MG cells (E) or MEFs (F) treated with IL-17
(50 ng/ml) for the indicated times were immunoblotted with antibodies against p-TBK1, TBK1, p-IkBa, and actin. Arrowheads in panels C and D indicate the
shifted (phosphorylated) Actl band. L.E., long exposure; S.E., short exposure.

RESULTS lation (Fig. 1A). In contrast, overexpression of IKKa, IKK(, or

Both TBKI1 and IKKi are required for Actl phosphorylation in
IL-17R signaling. Actl has been shown to be phosphorylated
upon IL-17 stimulation (1, 14, 31). Actl has also been shown to
interact with IKK complex (20, 21). We tested if IKK or related
kinases were involved in Actl phosphorylation. Interestingly,
overexpression of TBK1 or IKKj, the IKK-related kinases, resulted
in Actl mobility shift, while overexpression of the dominant neg-
ative form of IKKi (the kinase dead mutant) did not, suggesting
that these two kinases are likely responsible for Actl phosphory-
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NIK did not lead to Actl mobility shift, indicating that Actl was
specifically phosphorylated by the IKK-related kinases (Fig. 1A).
To confirm that the Actl shift induced by the IKK-related kinases
was due to phosphorylation, the cell lysates were treated with
shrimp alkaline phosphatase (SAP) to remove kinase-mediated
protein phosphorylation. The SAP treatment indeed removed the
Act1 mobility shift by overexpression of TBK1 or IKKi, suggesting
that the IKK-related kinases phosphorylated Act1 (Fig. 1B). To see
whether the IKK-related kinases are responsible for IL-17-in-
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duced Actl phosphorylation, we made use of the TBK1 '~
IKKi~'~ mouse embryonic fibroblasts (DKO MEFs). The IL-17-
induced Actl phosphorylation was severely reduced in the doubly
deficient MEFs compared to that in wild-type cells (Fig. 1C). To
determine whether both kinases contributed to Actl phosphory-
lation, the doubly deficient MEFs were infected with retrovirus
encoding TBK1 or IKKi and then stimulated with IL-17. Restora-
tion of either TBK1 or IKKi increased IL-17-induced Actl phos-
phorylation (Fig. 1D, top). TBK1 and IKKi together showed ad-
ditive effects on Actl phosphorylation (Fig. 1D, top). We further
found that the kinase-dead mutants of TBK1 or IKKi did not
restore IL-17-induced Actl phosphorylation in the DKO MEFs
(Fig. 1D, bottom), indicating that the kinase activity of the IKK-
related kinases was required for Actl phosphorylation in IL-17R
signaling. Similarly, we found that dominant negative forms of
human IKKi or mouse TBK1 suppressed IL-17-induced Actl
phosphorylation in human U87-MG cells or wild-type MEFs, re-
spectively (data available on request). Although IL-17 has been
shown to induce IKKi activation for Actl phosphorylation (1),
here we show that TBK1 is also required for Act1 phosphorylation.
So we next checked whether TBK1 can be activated by IL-17 stim-
ulation. Indeed, IL-17 stimulation resulted in TBK1 phosphory-
lation at Ser 172, phosphorylation of which is necessary for its
kinase activity (18), in both human U87-MG cells (Fig. 1E) and
MEFs (Fig. 1F). Together, our data suggest that the kinase activi-
ties of both TBK1 and IKKi are specifically and redundantly re-
quired for Actl phosphorylation in IL-17R signaling.

Actl associates with the IKK-related kinases in an IL-17 sig-
nal-dependent manner. As kinases are supposed to associate with
their substrates, we sought to determine whether the IKK-related
kinases really interact with Actl. We found that Actl associated
with TBK1 or IKKi in an overexpression system (Fig. 2A). We then
checked if Actl bound to the kinases in an IL-17-dependent man-
ner. HeLa cells were infected with retrovirus encoding HA-tagged
TBK1 or HA-tagged IKKi and then stimulated with IL-17. Endog-
enous Actl was indeed associated with the tagged TBK1 (Fig. 2B)
or IKKi (Fig. 2C) in a signal-dependent manner. We further con-
firmed that IL-17 stimulation led to association of endogenous
Actl with endogenous TBK1 or IKKi in both human HeLa cells
(Fig. 2D) and U87-MG cells (Fig. 2E). Since IKKi has been shown
to interact with Actl in MEFs, we further investigated the associ-
ation of Actl with TBK1 in MEFs. We found that IL-17 stimula-
tion resulted in Actl binding to HA-tagged TBK1 as well as phos-
phorylated TBK1 (Fig. 2F). The IL-17-induced association of Act1
with phosphorylated TBK1 was also confirmed in an endogenous
system (Fig. 2G). Domain deletion analyses showed that domain
182 to 282 of human Actl mediated its association with TBK1 or
IKKi (data available on request). Together, our results firmly es-
tablish that the IKK-related kinases talk to Actl in IL-17R signal-
ing in both human and mouse cells.

The IKK-related kinases suppress IL-17-induced NF-kB ac-
tivation. To determine the potential role of the IKK-related ki-
nases in IL-17-mediated signaling, we utilized the dominant neg-
ative forms of IKKi or TBK1 which inhibited IL-17-induced Actl
phosphorylation. HeLa cells were first infected with retrovirus en-
coding these dominant negative forms or their wild-type controls
and then stimulated with IL-17. Either dominant negative TBK1
or dominant negative IKKi greatly enhanced while wild-type
TBK1 or IKKi suppressed IL-17-induced NF-kB activation (p-
IkBa) in human HeLa cells (Fig. 3A and B). Similarly, these dom-
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FIG 2 Actl associates with the IKK-related kinases in an IL-17 stimulation-
dependent manner. (A) Actl associates with the IKK-related kinases in an
overexpression system. HEK293T cells transfected with plasmids for M2-Actl
and HA-TBK1 (left) or HA-IKKi (right) were immunoprecipitated (IP) with
anti-M2 or control IgG and anti-HA or control IgG, followed by immunoblot-
ting with antibodies against M2 or HA. WCL, whole-cell lysates. (B and C)
Endogenous Actl is associated with the HA-tagged TBK1 (B) or IKKi (C) inan
IL-17 signal-dependent manner. HeLa cells infected with retrovirus encoding
HA-tagged TBK1 (B) or IKKi (C) were stimulated with IL-17 for the indicated
times. Lysates were immunoprecipitated (IP) with anti-Actl or IgG, followed
by immunoblot analysis with antibodies against HA, Actl, or actin. (D and E)
Endogenous Actl is associated with the endogenous IKK-related kinases in an
IL-17 signal-dependent manner. Lysates from HeLa cells (D) or U87-MG cells
(E) treated with IL-17 (50 ng/ml) for the indicated times were immunopre-
cipitated with anti-Actl or IgG, followed by immunoblot analysis with the
indicated antibodies. (F and G) IL-17 stimulation results in Act1 binding to the
IKK-related kinases in mouse cells. MEFs infected with retrovirus for HA-
tagged TBK1 (F) or left uninfected (G) were treated with IL-17 for 0, 15, or 30
min, and then cell lysates were immunoprecipitated with anti-Actl, followed
by immunoblot analysis with the indicated antibodies.

inant negative forms increased while their wild-type controls sup-
pressed IL-17 induced NF-kB activation in human U87-MG cells
(Fig. 3C and D). These results suggest that the IKK-related kinases
suppress IL-17-induced NF-kB activation. Consistently, the dom-
inant negative form of IKKi significantly increased IL-17-induced
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FIG 3 The IKK-related kinases suppress IL-17-induced NF-kB activation in the human system. (A to D) The IKK-related kinases repress IL-17-induced NF-kB
activation. (A and B) HeLa cells infected with control virus (EV) or retrovirus encoding HA-tagged dominant negative TBK1 (DNTBK1) or wild-type TBK1
(WT-TBK1) (A) or HA-tagged DNIKKi or WT-IKKi (B) were treated with IL-17 for the indicated times. Lysates were analyzed by immunoblotting with
antibodies against p-IkBa,, HA, and actin. (C and D) U87-MG cells infected with retroviral control or retrovirus for HA-tagged DNTBK1 or WT-TBK1 (C) or
HA-tagged DNIKKi or WT-IKKi (D) were left untreated or treated with IL-17 for the indicated times. Lysates were analyzed by immunoblotting with antibodies
against p-IkBa, HA, and actin. (E and F) The dominant negative form of IKKi significantly increases IL-17-induced gene production. HeLa cells (E) or U87-MG
cells (F) were infected with retroviral control or virus for HA-tagged DNIKKi and then left untreated or treated with IL-17 for 2 h. The induction of Ccl20, Ccl2,
IL-8, Cxcl2, IL-6, TNF, and KC mRNA was measured by real-time PCR. Graphs in panels E and F show means and SEM; n = 3.*, P < 0.05; **, P < 0.01;***, P <
0.001 (Student’s t test).
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downstream gene production in both HeLa cells (Fig. 3E) and
U87-MG cells (Fig. 3F). As it is reported that IKKi does not affect
IL-17-induced NF-kB activation in mouse airway epithelial cells
(1), we reasoned that the dominant negative form of IKKi does not
just affect IKKi-mediated function but may also affect TBK1-me-
diated function. We indeed found that overexpression of the
dominant negative IKKi interfered with the association of TBK1
with Actl in an IL-17-dependent manner, probably because of the
competitive binding of the dominant negative form to Actl (data
not shown).

We then checked the function of the IKK-related kinases in the
mouse system through restoration of IKKi or TBK1 to the DKO
MEFs. Restoration of either IKKi or TBK1 suppressed IL-17-in-
duced NF-kB activation (Fig. 4A). Similarly, restoration of IKKi,
TBKI1, or both significantly inhibited IL-17-induced gene produc-
tion, while expression of the dominant negative form of TBK1
(the kinase-dead mutant) had no suppressive effect in the DKO
cells (Fig. 4B). It is reported that IKKi expression is low in MEFs
(25). Similar to the results with DKO MEFs, we observed that
restoration of TBK1 to TBK1-deficient MEFs suppressed IL-17-
mediated activation of NF-kB and JNK (Fig. 5A). Consistently,
restoration of TBK1 inhibited IL-17-induced downstream gene
production (Fig. 5B). Although IKKi is shown to be required for
IL-17-induced mRNA stability of KC (1), we found that TBK1 was
not required for this pathway (data available on request), suggest-
ing that IKKi and TBK1 have differential roles in IL-17R-mediated
signaling. Together, our results from both human and mouse sys-
tems suggest that the IKK-related kinases play a suppressive and
likely redundant role in IL-17-induced NF-«B activation.

The IKK-related kinases redundantly phosphorylate Actl1 at
three serine sites. To look for the phosphorylation sites in Actl by
the IKK-related kinases, we constructed different GST-tagged de-
letion mutants of human Actl (Fig. 6A). These GST fusion pro-
teins were expressed in E. coli and purified with glutathione-Sep-
harose (Fig. 6A). We then constructed Flag-tagged human TBK1
or Flag-tagged human IKKi. The Flag-tagged proteins were ex-
pressed in HEK293T cells and immunoprecipitated by anti-M2
(Flag) antibodies for in vitro kinase assay. IKKi phosphorylated
Actl at the region of aa 1 to 400 but not at the C-terminal region of
aa 390 to 565 (Fig. 6B). Further deletion analyses showed IKKi
phosphorylated Actl at the region of aa 121 to 191 as well as aa 191
to 330 (Fig. 6B). TBK1 phosphorylated Act1 at the same regions as
IKKi (Fig. 6C). As the IKK-related kinases have been shown to
phosphorylate their substrates at serine sites, we then compared
Actl sequences from different species for conserved serine sites in
the two regions (Fig. 6D and E). The closely located and conserved
serine sites (sites 143, 146, and 149 or sites 156, 159, and 162) in
the region of aa 121 to 191 were mutated at the same time
(Fig. 6D). The in vitro kinase assays showed that combined muta-
tion of three serine sites (sites 156, 159, and 162) blocked TBK1- or
IKKi-mediated phosphorylation of the Actl region (Fig. 6F). Fur-
ther single serine mutation showed that Ser 162 was the site of
phosphorylation by TBK1 or IKKi in the Actl region of aa 121 to
191 (Fig. 6F). We then mutated the four conserved serine sites at
the region of aa 191 to 330 all together (Fig. 6E) and found that the
mutation blocked either TBK1- or IKKi-mediated phosphoryla-
tion of the Actl region (Fig. 6G). Combined mutation of three
serine sites (Ser 201, Ser 220, and Ser 233) showed the same block-
age of phosphorylation (Fig. 6G). We then mutated the serine sites
either singly or with different combinations of two sites and found
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FIG 4 The IKK-related kinases suppress IL-17-induced NF-«B activation in
the mouse system. (A) Restoration of the IKK-related kinases to DKO MEFs
greatly suppresses IL-17-induced NF-kB activation. DKO MEFs infected with
retroviral control or virus for HA-tagged IKKi or HA-tagged TBK1 were left
untreated (UN) or treated with IL-17 for the indicated times. Lysates were
analyzed by immunoblotting with antibodies against p-IkBa and actin. Levels
of expression of HA-TBK1 and HA-IKKi in DKO MEFs are shown on the right.
(B) Restoration of the IKK-related kinases to DKO MEFs significantly inhibits
IL-17-induced gene production. DKO MEFs infected with retroviral control
or virus for HA-tagged IKKi, TBK1, TBK1 plus IKKi, or DNTBKI1 were left
untreated or treated with IL-17 for 1 h. The induction of Ccl20, Ccl2, Cxcl2,
IL-6, KC, and G-CSF mRNA was analyzed by real-time PCR. Graphs show means
and SEM; n = 3. %, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test).

that IKKi phosphorylated Ser 220 while TBK1 phosphorylated Ser
220 and Ser 233 (Fig. 6G and H). Thus, in the human system, IKKi
phosphorylates Actl at two sites (Ser 162 and Ser 220), while
TBK1 phosphorylates Actl at three sites (Ser 162, Ser 220, and Ser
233). However, all three equivalent serine sites (Ser 147, Ser 209,
and Ser222) in mouse Act1 are utilized by both mouse TBK1 and
mouse IKKi (Fig. 7).

To see whether the three serine sites in Actl phosphorylated by
the IKK-related kinases in the in vitro assays are utilized in IL-17R
signaling, we restored wild-type Actl or individual serine point
mutants of Actl into Actl-deficient MEFs and then checked IL-
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FIG 5 TBK1 suppresses IL-17-induced NF-«B activation. (A) TBK1~/~ MEFs infected with retrovirus encoding empty vector (EV) or HA-tagged mouse TBK1
(mTBK1) were treated with IL-17 (50 ng/ml) for 0, 7.5, 15, or 30 min. Lysates were analyzed by immunoblotting with the indicated antibodies. Arrowhead
indicates the shifted (phosphorylated) Actl band. (B) TBK1~/~ MEFs reconstituted with HA-tagged mTBK1 or empty vector (EV) were left untreated or treated
with IL-17 for 1 h. The induction of Ccl20, Ccl2, Cxcl2, and KC mRNA was measured by real-time PCR. Graphs show means and SEM; n = 3.*, P < 0.05; **,

P <0.01; %%, P < 0.001 (Student’s t test).

17-induced Actl phosphorylation. Although the levels of IL-17-
induced Actl phosphorylation were not obviously altered in the
three single mutants (S147A, S209A, or S222A mutant) compared
to wild-type Actl, their mobility shifts appear lower than that of
wild-type Actl, indicating that IL-17 induced phosphorylation of
all the sites (Fig. 8A). A similar result was found for the Actl
double-site mutant with changes at both Ser 147 and Ser 209 (Fig.
8B). However, when all the three serine sites (3SA) were mutated,
IL-17-induced Actl phosphorylation was severely reduced
(Fig. 8C), indicating that the three serine sites are the major ones
of Actl phosphorylation in IL-17R signaling.

Actl phosphorylation at the three serine sites inhibits IL-17-
mediated NF-kB activation. Our results showed that the IKK-
related kinases were required for IL-17-induced Actl phosphory-
lation and suppressed IL-17-induced NF-kB activation (Fig. 1, 3,
and 4). As the mouse IKK-related kinases phosphorylated Actl at
the same sites (Ser 147, Ser 209, and Ser 222), we sought to deter-
mine whether Actl phosphorylation at these sites plays a negative
role in IL-17-induced NF-kB activation. Consistent with the sup-
pressive role of the IKK-related kinases, mutation of the three Ser
sites of Actl enhanced IL-17-induced NF-kB activation and JNK
activation (Fig. 9A). Similarly, mutation of these sites increased
IL-17-induced downstream gene production (Fig. 9B). As Actl
association with TRAF6 is essential for IL-17-induced NF-«kB ac-
tivation, we asked whether Actl phosphorylation at these serine
sites by the IKK-related kinases might affect the interaction of
Actl with TRAF6 to exert a suppressive role. The IL-17-induced
association of Actl with TRAF6 was indeed increased in the MEFs
doubly deficient in TBK1 and IKKi compared to that in wild-type
MEFs (Fig. 9C). Similarly, mutation of the three Ser sites of Actl
enhanced IL-17-induced binding of Act1 to TRAF6 (Fig. 9D). Our
results suggest that upon IL-17 stimulation, the IKK-related ki-
nases redundantly phosphorylate Actl on the three Ser sites, and
the Actl phosphorylation may lead to Actl conformational
change to interfere with its association with TRAF6 for NF-kB and
JNK activation.

TRAF6 is required for IL-17-induced Actl phosphorylation.
TRAF3 is essential for the IKK-related kinase-mediated IRF3

October 2012 Volume 32 Number 19

phosphorylation in Toll-like receptor (TLR) or RIG-I-like recep-
tor (RLR)-mediated antiviral signaling (17). We have previously
shown that TRAF3 suppresses IL-17R-mediated NF-kB activation
(38). We reasoned that TRAF3 might be involved in Actl phos-
phorylation in IL-17R signaling. We unexpectedly found that
TRAF3 deficiency did not affect IL-17-induced Actl phosphory-
lation (Fig. 10A). Surprisingly, we found that TRAF6 was required
for IL-17-induced Actl phosphorylation (Fig. 10B), although
TRAF6 has been reported to function downstream of Actl to me-
diate IL-17-induced NF-kB activation (22, 27). As primary MEFs
may vary in their responses to IL-17, we restored TRAF6 to
TRAF6-deficient MEFs and found that TRAF6 reconstituted IL-
17-induced Actl phosphorylation (Fig. 10C), confirming that
TRAF6 was critical for Actl phosphorylation. It is worth noting
that there was still TRAF6-independent phosphorylation of Actl,
as IL-17-induced Actl phosphorylation was not totally blocked,
although it was severely reduced in TRAF6-deficient MEFs (Fig.
10B and C). TRAF6 is a ring-type E3 ubiquitin ligase, and its E3
activity is important for NF-kB activation induced by proinflam-
matory cytokines like IL-1 and IL-17 (4, 22). We found that the
TRAF6 E3 deletion mutation (ARing) or E3 point mutation
(C70A) did not obviously restore IL-17-induced Actl phosphor-
ylation, while wild-type TRAF6 did (Fig. 10D), indicating that
TRAF6 E3 ligase activity was required for Actl phosphorylation.
While TRAF6 autoubiquitination is essential for its downstream
NE-kB activation (4, 22), we found that TRAF6 autoubiquitina-
tion was not important for Actl phosphorylation, as TRAF6
autoubiquitination site mutation (K124R) still restored IL-17-in-
duced Actl phosphorylation in TRAF6-deficient MEFs (Fig. 10E).
TRAF6 activates NF-«kB through TAK1 complex in IL-17R signal-
ing (39). We then checked if TAK1 is involved in Actl phosphor-
ylation and found that TAK1 was not required for IL-17-induced
Actl phosphorylation (data not shown). Thus, our findings show
TRAF6 is specifically and uniquely required for Actl phosphory-
lation in IL-17R signaling.

TRAF6 is essential for IL-17-induced TBK1 activation and its
association with Actl. As TRAFG6 is required for Actl phosphor-
ylation, we determined whether TRAF6 mediates the activation of
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FIG 6 The IKK-related kinases phosphorylate human Actl at Ser 162, Ser 220, and Ser 233. (A) Schematic representation of human Actl protein. The major
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FIG 7 The IKK-related kinases phosphorylate mouse Actl at Ser 147, Ser 209,
and Ser 222. Flag-tagged mTBK1 (top) or mIKKi (middle) were expressed and
immunoprecipitated from HEK293T cells and incubated with recombinant
mouse Actl (mActl) deletion mutants or point mutants with changes of the
mActl region of aa 121 to 390 as indicated. The incorporated radioactivity was
detected by autoradiography. The recombinant GST fusion proteins of Actl
mutants were checked by Coomassie blue staining (CB) (bottom). The arrows
indicate the autophosphorylation bands of IKK-related kinases. Stars indicate
phosphorylated Actl. Asterisks indicate target protein.

the IKK-related kinases. We found that siRNA-mediated TRAF6
knockdown also blocked IL-17-induced TBK1 phosphorylation
(Fig. 11A), suggesting that TRAF®6 is required for IL-17-induced
TBKI1 activation. We next asked whether TRAF6 is required for
IKKi activation. As there is no p-IKKi antibody, we did an in vitro
kinase assay and found that TRAF6 appeared not to be essential
for IKKi activation, although the assay did not show strong kinase
activity (Fig. 11B). It is reported that Actl is required for IKKi
activation (1). We also found that Actl was essential for TBK1
activation (Fig. 11C). These data suggest that the IKK-related ki-
nases are differentially activated. The detailed activation mecha-
nisms remain to be further explored.

We then determined whether TRAF®6 is also required for the
association of Actl with the IKK-related kinases. We found that
TRAF6 deficiency completely blocked IL-17-induced association
of Actl with TBK1 (Fig. 11D). TRAF6 deficiency also reduced but
did not completely block IL-17-induced binding of Act1 to IKKi
(Fig. 11D), indicating that IKKi has TRAF6-dependent and -inde-
pendent roles, while TBK1 has only TRAF6-dependent function

IKK-Related Kinases Phosphorylate Act1

in IL-17R signaling. Consistent with the dual roles of IKKi, we also
found that mutation (the 3SA mutant) of Actl phosphorylation
by the IKK-related kinases had no effect on IL-17-induced mRNA
stability of KC and did not affect IL-17-induced association of
Actl with IKKi (data not shown). We then checked whether
TRAF6 E3 ligase activity was important for the association of Actl
with the IKK-related kinases. We found that the TRAF6 E3 dele-
tion mutant or point mutant failed to restore IL-17-induced asso-
ciation of Actl with the IKK-related kinases in the TRAF6-defi-
cient MEFs, while wild-type TRAF6 did restore this association
(Fig. 11E), suggesting that TRAF6 E3 activity was critical for the
association. We then asked if the human system has the same
phenomenon as the mouse system. The ring deletion mutant of
human TRAF6 was used as a dominant negative form to test its
effect on the association of Actl with the IKK-related kinases in
human U87-MG cells. The dominant negative form severely re-
duced IL-17-induced binding of Actl to IKKi or phosphorylated
TBK1 as well as NF-kB activation (Fig. 11F), indicating that
TRAF6 E3 ligase activity was also critical for IL-17-induced asso-
ciation of Actl with the IKK-related kinases in the human system.
We next sought to determine whether TRAF6 directly associated
with the IKK-related kinases for their subsequent interaction with
Actl. We did not detect IL-17-induced association of TRAF6 with
the IKK-related kinases (data not shown), indicating that TRAF6
may indirectly mediate the association of Actl with the IKK-re-
lated kinases.

DISCUSSION

IL-17 is a key proinflammatory cytokine critically involved in the
pathogenesis of variety of inflammatory and autoimmune disor-
ders. Actl and TRAF6 are essential signaling components for IL-
17-mediated activation of NF-kB. In this study, we discovered a
new role for the IKK-related kinases (TBK1 and IKKi) in suppress-
ing IL-17-induced NF-kB activation through TRAF6-dependent
Actl phosphorylation. Both kinases directly phosphorylated Actl
on three serine sites for their suppressive effects. TRAF6 was
critical for IL-17-induced TBK1 activation and the association
of Actl with the IKK-related kinases, and the consequent Actl
phosphorylation. Our study demonstrates a negative-feedback
loop (Actl-TRAF6-TBK1/IKKi-Actl) in regulation of IL-17R-
mediated NF-kB activation (Fig. 12).

Very recently, Bulek et al. reported that IKKi phosphorylates
Actl on Ser 311 to mediate TRAF6-independent mRNA stability
(1). We show here that TBK1 is another direct kinase for Actl
phosphorylation. We found that TBK1 was activated and associ-
ated with Actl upon IL-17 stimulation. Instead of regulating
TRAF6-independent mRNA stability, TBK1 phosphorylated Actl
on three other serine sites and suppressed IL-17-mediated
TRAF6-dependent NF-kB activation in both human and mouse

Flag-tagged IKKi (B) or TBK1 (C) was expressed and immunoprecipitated with anti-M2 from HEK293T cells and incubated with the recombinant proteins of
human Actl (hActl) truncations as indicated in panel A. The incorporated radioactivity was detected by autoradiography. Arrows indicate IKKi or TBK1
autophosphorylation. Stars indicate phosphorylated Actl. (D and E) Conserved serine sites are showed by amino acid alignment of Actl protein sequences.
Alignment of Actl protein sequences in different species was performed by the multiple-sequence alignment program ClustalW2. S143, S146, S149, S156, S159,
and S162 residues in the human Actl region of aa 121 to 191 (D) and S201, S220, S233, and S256 residues in the human Actl region of aa 191 to 330 (E) are
indicated by arrows. (F) IKKi or TBK1 phosphorylates Ser 162 of Actl in the region of aa 121 to 191. The indicated point mutants of the GST-hActl region of aa
121 to 191 were used as substrates for Flag-tagged IKKi (top) or TBK1 (middle) in an in vitro kinase assay as in panels B and C. The expression of the GST fusion
protein mutants was checked by Coomassie blue staining (CB). (G and H) IKKi phosphorylates Ser 220 of Act1, while TBK1 phosphorylates Ser 220 and Ser 233 of Act1
in the region of aa 191 to 330. In vitro kinase assays were performed with the indicated point mutants of the GST-hAct1 region of aa 191 to 330 as in panel F. 4SA,
four-serine mutant (S201A, S220A, S233A, and S256A). Arrows in panels F to H indicate IKKi or TBK1 autophosphorylation. Stars indicate phosphorylated Actl.
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FIG 8 Mouse Actl is phosphorylated at Ser 147, Ser 209, and Ser 222 upon IL-17 stimulation. Actl '~ MEFs were infected with retrovirus for wild-type Actl

(WT), Actl single point mutants (S147A, S209A, and S222A) (A), the Act1 double point mutant (S147A and S209A) (B), or the Act1 triple point mutant (3SA:
S147A, S209A, and S222A) (C). The MEFs were then left untreated or treated with IL-17 (50 ng/ml) for 15 or 30 min. Lysates were immunoblotted with anti-Act1

and antiactin. Arrowheads indicate the shifted (phosphorylated) Actl band.

systems. Here we show that in addition to the reported TRAF6-
independent role, IKKi also has a TRAF6-dependent role. We
found that TBK1 and IKKi did not depend on each other to phos-
phorylate Actl, they phosphorylated Actl on the same three Ser
sites, and Actl phosphorylation on these sites interfered with its
association with TRAF6 for continuous positive signaling, sug-
gesting that IKKi plays a redundant role with TBK1 in Act1 phos-
phorylation to repress TRAF6-dependent NF-kB activation in IL-
17R signaling. In Bulek’s study, IL-17-induced NF-kB activation
was not shown to be affected in IKKi-deficient airway epithelial
cells, consistent with the redundant role of the IKK-related kinases
in our study. However, we noticed in that report that IKKi has
some positive effects on the gene production induced by IL-17

alone, although the effects are minor compared to the essential
role of IKKi for IL-17-mediated mRNA stability of the genes in-
duced by TNF in airway epithelial cells. In this study, we found
that IKKi and TBK1 redundantly mediated negative effects on
IL-17-induced gene production. The difference may be due to the
fact that the negative effects mediated by the two kinases together
exceed the minor positive effect by IKKi alone. It may also be due
to cell-type-specific effects.

TBK1 and IKKi are structurally related to IKK kinases (IKKa
and IKKR) and share some substrates, such as IkBa and P65, for
NF-kB activation (9, 30). Instead of activating NF-kB, the IKK-
related kinases repressed IL-17-mediated NF-kB activation. This
could be due to their substrate specificity, because we observed
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FIG 9 Actl phosphorylation by the IKK-related kinases suppresses IL-17-mediated NF-«B activation. (A) Mutation of the three Actl phosphorylation sites
enhances IL-17-induced NF-kB. Act1 '~ MEFs infected with retrovirus encoding wild-type Actl (WT) or the Actl mutant (3SA) were left untreated or treated
with IL-17 (50 ng/ml) for 15 or 30 min. Lysates were analyzed by immunoblotting with the indicated antibodies. Arrowhead indicates the shifted (phosphory-
lated) Actl band. (B) Mutation of the three Actl phosphorylation sites increases IL-17-induced gene induction. Shown is real-time PCR analysis of Ccl20, Ccl2,
Cxcl2,and KC mRNA in Actl =/~ MEFs infected as described for panel A followed by treatment with IL-17 (50 ng/ml) for 0 or 1 h. Graphs show means and SEM;
n=3.%,P<0.05**P<0.01;***, P <0.001 (Student’s ¢ test). (C) IL-17-induced association of Actl with TRAF6 is increased in DKO MEFs. Wild-type (WT)
and IKKi~/~ TBK1~/~ (DKO) MEFs were left untreated or treated with IL-17 (50 ng/ml) for 7.5 or 15 min. Lysates were immunoprecipitated with anti-TRAF6
and subjected to immunoblot analysis with antibodies against TRAF6 and Actl. (D) Mutation of the three Actl phosphorylation sites enhances IL-17-induced
binding of Actl to TRAF6. Actl ~’~ MEFs were infected with retrovirus encoding wild-type Actl (WT) or the Actl triple point mutant (3SA) and then left
untreated or treated with IL-17A (50 ng/ml) for 7.5 or 15 min. Lysates were immunoprecipitated with anti-TRAF6 and subjected to immunoblot analysis with
antibodies against TRAF6 and Actl.

3934 mcb.asm.org Molecular and Cellular Biology


http://mcb.asm.org

IKK-Related Kinases Phosphorylate Act1

A B C
Traf3KO Traf3 WT Traf6o WT _Traf6 KO Traf6KO _EV _ _ Traf6
01530 01530 IL17min) 01530 0 15 30 IL-17(min) 0 15 30 0 15 30
IL-17(min) 0 1€ , . .
Actin [N - LE
" TrarFe I Actin [
s [
palkBa M2 -
D E
Trafé KO EV WT ARing C70A
IL-17(min) 0 15 30 0 15 30 0 1530 0 15 30 Tral6 KO _ WT K124R

IL-17(min) 0 15 30 0 15 30

>
Act1 S.E N
Aol e et
M2 Actin
M2

FIG 10 TRAF6 but not TRAF3 is critical for Actl phosphorylation. (A) Traf3-deficient (Traf3 KO) and wild-type (Traf3 WT) MEFs were treated with IL-17 (50
ng/ml) for 0, 15 or 30 min. Lysates were analyzed by immunoblotting with antibodies against Actl, actin, and TRAF3. (B) TRAF6 is required for IL-17-induced
Actl phosphorylation. WT and Traf6 '~ MEFs were stimulated with IL-17 (50 ng/ml) for the indicated times. Lysates were analyzed by immunoblotting with
antibodies against Actl, TRAF6, p-IkBa, and actin. (C) TRAF6 restores IL-17-induced Actl phosphorylation in Traf6-deficient MEFs. Traf6 '~ MEFs infected
with control virus (EV) or retrovirus for Flag-TRAF6 were stimulated with IL-17 (50 ng/ml) for the indicated times. Lysates were analyzed by immunoblotting
with antibodies against Actl, M2, p-IkBa, and actin. (D) TRAF6 E3 ligase activity is required for Actl phosphorylation. Traf6 '~ MEFs infected with control
virus (EV) or retrovirus for Flag-tagged TRAF6 (WT) or its E3 mutants (Flag-Traf6-ARing and Flag-Traf6-C70A, respectively) were left untreated or treated with
IL-17 (50 ng/ml) for the indicated times. Lysates were analyzed by immunoblotting with antibodies against Actl, M2, p-IkBa, and actin. (E) TRAF6 autoubiq-
uitination is not important for Actl phosphorylation. Traf6 '~ MEFs infected with retrovirus for wild-type Flag-TRAF6 (WT) or its autoubiquitination point
mutant (Flag-TRAF6-K124R) were left untreated or treated with IL-17 (50 ng/ml) for 15 or 30 min. Lysates were analyzed by immunoblotting with antibodies

against Actl, M2, and actin. Arrowheads indicate the shifted (phosphorylated) Actl band. L.E., long exposure; S.E., short exposure.

that TBK1 and IKKi but not IKKa and IKK@ phosphorylated
Actl, although Actl has been reported to associate with the IKK
complex (20, 21). TAK1 was also found not to be involved in Actl
phosphorylation. We noticed that IL-17-induced Act1 phosphor-
ylation was not totally blocked, although it was severely impaired,
by the double deficiency of TBK1 and IKKi, suggesting that there
may be other kinases for Actl. Although the IKK-related kinases
have differential expression patterns in that TBK1 is constitutively
expressed while IKKi is an inducible kinase (9, 30), the two kinases
redundantly phosphorylate mouse Actl on the three Ser sites (Ser
147, Ser 209, and Ser 222). It is reported that Actl is also phos-
phorylated on Ser 311 by IKKi in IL-17R signaling (1). Consistent
with the extra site, our data showed that IL-17-induced Actl phos-
phorylation was not totally blocked in the mutant (3SA) with
changes of the three Actl phosphorylation sites, although it was
severely reduced. We further found that mutation of the three sites
(3SA) did not affect Actl association with IKKi or IL-17-induced
mRNA stability of KC, indicating that the phosphorylation of
these three Ser sites may not affect Ser 311 phosphorylation, which
is required for IL-17-induced mRNA stability of KC. On the other
hand, Ser311 phosphorylation did not affect the TRAF6-depen-
dent NF-kB pathway, and Ser 311 mutation only reduced and did
not block IL-17-induced Actl phosphorylation in Bulek’s study,
suggesting that Ser 311 phosphorylation may not affect the phos-
phorylation of the three Ser sites in Actl described in our study. It
is worth noting that the shifted band detected by the Actl anti-
body is not sensitive enough to detect all Actl phosphorylation. It
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remains to be determined whether there are other potential phos-
phorylation sites in Actl by the sensitive mass spectrometry ap-
proach in addition to the four determined sites.

The IKK-related kinases have been well studied for their
roles in antiviral signaling. TRAF3, but not TRAF®, is the up-
stream adaptor for activation of the IKK-related kinases to
phosphorylate the transcription factor IRF3 for antiviral re-
sponses (10, 24). However, we found that TRAF6, but not
TRAF3, was important for IL-17-induced Actl phosphoryla-
tion, indicating the functional specificity for the IKK-related
kinases in IL-17R signaling. We have previously reported that
Actl is an upstream adaptor to recruit TRAF6 to IL-17R (27).
Considering that TRAF6-dependent Actl phosphorylation
plays a negative role in IL-17-induced NF-«kB activation and
that IL-17-induced binding kinetics of Actl and the IKK-re-
lated kinases is slower than that of Actl and TRAF®, it is likely
that after TRAF6 activation, Actl is phosphorylated to imme-
diately turn off the NF-kB pathway. Consistent with that, the
double deficiency of the IKK-related kinases or mutation of the
Actl phosphorylation sites (3SA) enhanced IL-17-induced in-
teraction of Actl and TRAF6, suggesting that Actl phosphor-
ylation may lead to its conformation change which interferes
with its association with TRAF6. Although TBK1 and IKKi re-
dundantly phosphorylate Actl on the same three Ser sites, the
activation of the kinases and their association with Actl are
differentially regulated. TRAF6 is essential only for TBK1 acti-
vation, while Actl is required for activation of both kinases.
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FIG 11 TRAF6 is essential for IL-17-induced TBK1 activation and its association with Actl. (A) TRAF6 is required for TBK1 activation. HeLa cells were
transfected with either scrambled (si-NC) or Traf6 (si-Traf6) siRNA oligonucleotides. After 72 h, the cells were left untreated or treated with IL-17 (50 ng/ml) for
the indicated times. Lysates were analyzed by immunoblotting with the indicated antibodies. (B) TRAF6 is not essential for IKKi activation. WT and Traf6 '~
MEFs infected with retrovirus for Flag-IKKi were stimulated with IL-17 (50 ng/ml) for the indicated times. Lysates were immunoprecipitated with anti-M2 and
subjected to in vitro kinase assay. Whole-cell lysates were analyzed by immunoblotting with the indicated antibodies. (C) Act1 is required for TBK1 activation.
HeLa cells were transfected with either scrambled (si-NC) or Act1 siRNA (si-Act1) oligonucleotides. After 72 h, the cells were left untreated or treated with IL-17
(50 ng/ml) for the indicated times. Lysates were analyzed by immunoblotting with the indicated antibodies. (D) TRAF6 is critical for IL-17-induced association
of Act1 with the IKK-related kinases. WT or Traf6 '~ MEFs infected with retrovirus encoding HA-TBK1 were treated with IL-17 (50 ng/ml) for 0, 15, or 30 min,
and then lysates were immunoprecipitated with anti-Act1, followed by immunoblot analysis with the indicated antibodies. WCL, whole-cell lysates. (E) TRAF6
E3 ligase activity is critical for IL-17-induced Actl association with the IKK-related kinases. Traf6 '~ MEFs infected with control virus (EV) or retrovirus
encoding Flag-TRAF6 (WT) or its E3 mutants (Flag-Traf6-ARing and Flag-Traf6-C70A) were left untreated or treated with IL-17 (50 ng/ml) for the indicated
times. Lysates were immunoprecipitated with anti-Actl, followed by immunoblot analysis with the indicated antibodies. (F) The dominant negative form of
TRAF6 severely reduces IL-17-induced Act1 association with the IKK-related kinases in human cells. Human U87-MG cells infected with retroviral control or
retrovirus for Flag-TRAF6-ARing (the dominant negative form) were treated with IL-17 (50 ng/ml) for 0, 15, or 30 min. Lysates were immunoprecipitated with
anti-Actl, followed by immunoblot analysis with the indicated antibodies.

The regulation of Actl association with TBK1 or IKKi is also
different. IL-17-induced association of TBK1 with Actl is to-
tally TRAF6 dependent, while the association of Actl with IKKi
is both TRAF6 dependent and independent. Although the de-

mRNA
Stabilization

FIG 12 Proposed model for the IKK-related kinase-mediated negative-feed-
back loop in the regulation of IL-17-induced NF-kB activation.
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tailed mechanisms for the differential regulation remain to be
further identified, these data are consistent with the differential
roles of the IKK-related kinases in IL-17R signaling; that is,
TBKI1 only regulates TRAF6 dependent signaling, while IKKi
plays dual roles in both TRAF6-dependent NF-kB activation
and TRAF6-independent mRNA stability. The redundant and
differential roles of TBK1 and IKKi have also been observed in
other signaling involved in antiviral and antibacterial immu-
nity and in cancer (5, 9, 30).

The E3 ubiquitin ligase activity and autoubiquitination of
TRAF6 are essential for IL-17-induced NF-kB activity, similar to
other TRAF6-mediated signaling pathways (4, 22). Here we found
TRAF6 E3 ligase activity was also critical for IL-17-induced asso-
ciation of Actl with the IKK-related kinases and consequent Actl
phosphorylation. However, TRAF6 autoubiquitination was found to
not be important for IL-17-induced TRAF6-dependent Actl
phosphorylation, suggesting that TRAF6 likely ubiquitinates its
downstream signaling molecules for Actl phosphorylation. We
did not detect direct association of TRAF6 with the IKK-related
kinases in IL-17R signaling. Considering that TRAF6 mediates Lys
63-type ubiquitination and we did not detect IL-17-induced Lys
63 ubiquitination of Actl (data not shown), it is not likely for
TRAF6 to ubiquitinate Actl for its association with the IKK-re-
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lated kinases. Therefore, TRAF6 may ubiquitinate unknown mol-
ecules to mediate the association of Actl with the IKK-related
kinases for subsequent Actl phosphorylation.

In conclusion, we demonstrate that TBK1 is another direct
kinase for Actl phosphorylation in IL-17R signaling. TBK1 and
IKKi redundantly phosphorylate Actl to suppress IL-17-induced
NF-kB activation. TRAF6 is required for IL-17-induced associa-
tion of Actl with the IKK-related kinases and consequent phos-
phorylation of Actl. Our findings identify a new role for the IKK-
related kinases in suppressing IL-17-induced TRAF6-dependent
NF-kB activation and demonstrate a negative-feedback loop
mechanism in the regulation of IL-17R signaling.
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